We present measurements of the optical constants of spin cast conjugated polymer and thermally evaporated small molecule films on silicon substrates. The optical constants are measured, using spectroscopic ellipsometry, from 0.75eV up to just below the band-gap of each material. The optical constants are then obtained by fitting a homogeneous Cauchy model to the ellipsometry data. Using this data the waveguiding behaviour of a double hetero-structure device with edge emission is modeled using the well-established Beam Propagation Method (BPM). The waveguide loss of double hetero-structure devices is modeled for different device geometries and across the emission band of an experimentally prepared light emitting, waveguiding double hetero-structure organic device. The emission characteristics of the experimental device compare favourably with results of the simulation based on the measured optical constants. These results have important implications for the design of future electrically pumped organic laser devices.
INTRODUCTION
Organic materials are poised to transform the opto-electronic industry. Major electronics firms such as Philips and Pioneer, and smaller companies such as Cambridge Display Technology, Universal Display, and UNIAX, are making significant investments in this emerging technology to produce low cost and sometimes surprisingly high performance organic electronic and opto-electronic devices. This commercial interest in organic electronics has been stimulated by the pioneering research of various research groups around the world. Currently, photo-detectors 1 , photo-voltaic cells 2 , sensors 3 and field effect transistors 4, 5 have all been demonstrated. The motivation for this work is that organic materials hold significant advantages over inorganic materials; most notably their improved processability amongst other technological and commercial aspects. Notably absent from the list of electronic and optical devices that can be made from conjugated polymers, is one of the most important devices for modern technology, the diode laser. While photopumped lasing has been observed in the solid-state by many groups 6 , electrically pumped lasing has yet to be observed 7 .
The primary aim of this research is to fabricate an organic hetero-structure waveguide device, incorporating novel conjugated polymers. In order to achieve this, the refractive index dispersion across the emission spectrum of the polymers, within the hetero-structure, needs to be measured. The refractive index mismatch between the cladding and guiding layers is the critical parameter, which determines the confinement of the optical field away from the metal electrodes of the hetero-structure. It is very important to have accurate values of the refractive index when optimising a waveguide, so that the optical loss, due to absorption by the metal electrodes, can be minimised. The research strategy employed to realize the development of a waveguiding organic double heterostructure device is as follows:-Spectroscopic ellipsometry was used to measure the optical constants of candidate materials for the emissive/guiding layer and the charge transport/cladding layers of the device. Spectroscopic ellipsometry was chosen over other techniques, such as prism-film coupling 8 , so that the optical constants could be obtained across a broad spectral range, including the emission spectrum of the emissive material. The optical constants were then used to carry out waveguide modeling simulations on these materials to ascertain what the optimum waveguide geometry is. Unipolar Current-Voltage (IV) characteristics of polymers were used to obtain the basic electrical transport properties, before the fabrication of an experimental waveguiding double hetero-structure.
MATERIALS
The polymer poly[(95%)-2,5-(methoxy-octyloxy)-1,4phenylene-vinylene]-co-[(5%)-1,4-phenylene-1,2-(di-phenylene)-vinylene] (HT73) was prepared by de-hydro-halogenation of substituted xylylene di-halides 9 . As can be seen from the chemical structure in figure 1, HT73 has large side chains (octyloxy and phenyl), which aid solubility. The polymer batch used for this work has a molecular weight (M w ) of ~261,000 with a poly-dispersity of ~6.2. HT73 is a statistical co-polymer made up of 95% alkyloxy substituted PPV and 5% phenyl substituted PPV. The introduction of the phenyl substituted PPV adds disorder to the ordered alkyloxy substituted PPV, although considerable order remains within the material as evidenced by the presence of vibronic structure in the PL spectrum. HT73 possesses a high quantum yield, φ F , of 25% makes it a good candidate for a polymer laser. Films of HT73 were prepared by spin casting from xylene solutions (10g/l), followed by baking under vacuum at 60 o C for 1hr.
Conducting poly (3,4-ethylenedioxythiophene) , PEDOT (structure shown in figure 1), has been used in many electroluminescent applications due to its high stability 10, 11 and high electrical conductivity 12, 13 . PEDOT is one of the very few examples within the conjugated conducting polymer family, which can be extrinsically doped to be either p-or n-type. In this work, this material is the p-type material doped by poly(styrene-sulphonate) (Baytron P, Bayer (Ireland)). Films of this material were prepared by spin casting from aqueous solution followed by baking under vacuum at 60 o C for 1hr. PEDOT is insoluble in non-polar solvents making it an ideal precursor layer upon which subsequent layers of HT73 can be prepared by spin casting.
Since the pioneering work of Tang and VanSlyke 14 tris(8-hydroxy-quinoline) aluminum (Alq 3 ) has become the most widely used electron transport layer. Typical electron mobilities of the order of 5x10 . Some polymers such as CN-PPV behave as electron transporting layers, but these polymers cannot be spin coated on top of typical hole transporting polymers as the spin coating procedure washes off the underlying hole transport layer. Although Alq 3 is readily dissolved by organic solvents, it is preferable to sublime a layer of Alq 3 onto a conjugated polymer layer and so prevent the problems associated with spin coating multilayer devices. The Alq 3 layers in this work were deposited in a vacuum of approximately 2x10 -6 mbar in an Edwards Auto 306 thermal evaporator at a rate of between 1-5 Å.sec -1 .
SPECTROSCOPIC ELLIPSOMETRY
Films of HT73, PEDOT and Alq 3 were prepared on <100> silicon substrates. These samples were then measured at an angle of incidence of 65 o using a SOPRA ES4G spectroscopic ellipsometer. It was ensured that the number of counts on the detector was maintained between 100,000/sec to 1,000,000/sec over the range of the measurement. 100 spectral measurements, of the ellipsometric parameters Tanψ and Cos∆, were then taken between 1.653µm and 0.496µm. Bare substrates were also measured under the same experimental conditions. The results from the bare substrates were then fit to a model of a SiO 2 layer on crystalline silicon. The optical constant data for these materials is available from SOPRA. It was found that a 2nm thick layer of SiO 2 is present on the silicon substrate, due to the oxidation of the silicon wafer by the ambient atmosphere.
The optical constants of the organic layers were then modeled using a Cauchy function with a substrate consisting of a 2nm layer of SiO 2 on silicon. This model yields a very good fit to the ellipsometric data for the Alq 3 and PEDOT samples (see figures 2 and 3). The upper and lower bounds (90% confidence) of the optimized Cauchy model and the sample layer thickness are shown below the fit to the ellipsometric data in figures 2 and 3.
The model fit to the HT73 data was not unique and the fits were less good. Within this data peaks in the ellipsometric data have a small amplitude (see figure 4) . This means that the global minimum is less well defined, and so the fitting procedure produces optical constant values, which are divergent. A solution to this problem is to use an inversion technique 16 on the raw data to extract the values of n and k. This requires that the film thickness be known. The inversion procedure was attempted on a "trial and error" basis using trial estimates for the film thickness until the inversion produced a realistic set of optical constants, without large singularities in the data. The results of the final, optimised inversion are presented in figure 4. There is an absorption peak in infra-red of the spectrum, which explains the lack of a large peak in the ellipsometric data, and the difficulties in fitting this data with a simple Cauchy model (assumes k=0).
UNIPOLAR DEVICE MEASUREMENTS
The IV Characteristics of unipolar devices of HT73 were recorded using a Keithley 2400 Sourcemeter and a Keithley 2001 Ammeter connected to a personal computer and controlled using a visual basic data collection program. The measurements were carried out under vacuum (~1x10 -1 mbar) to prevent oxidative degradation of the devices during the measurement. The transport characteristics of electrons were measured using an Aluminium:HT73:Aluminium device structure, while the hole transport characteristics were measured using a Platinum:HT73:ITO structure. The film thickness of the devices was determined, by scratching the film with a fine blade and measuring the surface profile across the scratch using a computer controlled DekTak 3 surface profilometer.
The IVs for both the electron and hole data, reveal linear regions when plotted on log-log plots (see figure 5) . At low voltages there is a slope 1 region corresponding to an ohmic region where the current is proportional to the voltage. At higher voltages, there is a transition to a slope 2 region, corresponding to the onset of Space Charge Limited Conduction (SCLC). At still higher voltages there is a transition to a region of even higher slope, corresponding to a region where the traps within the material become filled, resulting in a sharp increase in current.
The IV characteristic in the ohmic region follows the equation 17 :-
where n is the free carrier density, e is the electronic charge, µ eff is the effective carrier mobility, A is the device area and d is the device thickness. In the slope 2 SCLC region the IV characteristic is given by the equation 17 :-
where ε is the dielectric constant of the polymer layer (relative permittivity of HT73 is assumed to be equal to 3). The voltage at which the transition occurs from ohmic conduction to SCLC conduction occurs is given by Straight lines were fit, for each region of the data, in order to determine the effective carrier mobility and free carrier density. Within experimental error, the slopes of the lines indicate the initial ohmic conduction followed by the onset of SCLC conduction. From the intercepts of these lines and using the estimates for V Ω , the carrier mobility and free carrier density for electrons and holes were determined. It was possible to obtain two estimates for the carrier mobility from the ohmic and SCLC regions of the data. These values are tabulated along with the free carrier densities for electrons and holes in Table 1 . It should be noted that this method is only really accurate to an order of magnitude, as can be seen by the large uncertainties, however it can be seen that the hole mobility is over an order of magnitude greater than the electron mobility for HT73. This is consistent with the measured carrier mobilities of other PPV derivatives 18 .
WAVEGUIDING DOUBLE HETERO-STRUCTURE
In order to gain some insight into the possibilities of fabricating an electrically pumped hetero-structure device based on waveguiding a simulation was carried out on a symmetric waveguide sandwiched between two layers of a material with the same optical constants as gold, using the Beam Propagation Method (BPM) 19, 20 . The waveguide was modelled with symmetric cladding layers of n=1.4537, and with a guiding layer of n=1.7142 at a wavelength of 630nm in the Transverse Electric (TE) polarisation. The simulation was carried out in the x-z plane where the refractive index varies as a discontinuous step function over the guiding layer in the x direction, with the optical field propagating in the zdirection. The grid spacing for these calculations was ∆z=0.1µm and ∆x=0.01µm. The simulation was performed for various different layer thickness of the cladding and guiding layers in order to obtain an absorption map (see figure 6) , which yields the absorption coefficient for different cladding and guiding layer thickness. From this it is possible to know approximately what propagation losses are present for a given device configuration. The absorption map is characterised by extremely high loss coefficients of the order ~1000cm -1 when the cladding and guiding layers are of ~50nm thickness. This corresponds to an extremely lossy waveguide and is certainly not suitable for creating gain by waveguide propagation. Large propagation losses ensue because of the penetration of the optical field into the metal, which possesses a large extinction coefficient. A low loss waveguide will act to confine the optical field within the guiding layer as the light propagates down the waveguide. However, as can be seen from the absorption map, this comes at the price of having a device thickness of the order of ~1µm. Only for cladding layer thickness greater than 0.2µm and guiding layer thickness greater than 0.5µm, does the loss coefficient drop below ~10cm -1 , which is an acceptable level of propagation loss. Close inspection of the optical loss map (see figure 6 ) reveals ripples in the optical loss at certain thickness of the guiding layer. These are particularly noticeable in the low loss regions of the simulation. These ripples are attributed to the presence of leaky waveguide modes. At certain guiding layer thickness the waveguide condition cannot be met by the light at a fixed wavelength; therefore, the light leaks out into the cladding and the metal, and so the waveguide loss increases.
It is not possible to build a functioning light emitting device with layer thickness of the order of 0.5-1µm. In order to obtain light from a device, current densities of the order of 100mA/cm 2 need to be induced. To achieve this current density within the layer, a voltage of ~600V (estimated from equation 2, using a mobility ~10 ) would need to be applied. This corresponds to a field of ~10 7 V/cm which is above the average field where catastrophic breakdown usually occurs for conjugated polymers (approx. 10 6 V/cm) 21 .
In order to investigate further the approach of fabricating a waveguiding polymeric double hetero-structure a lossy waveguide was prepared. The structure was as follows:-ITO:PEDOT(~50nm):HT73(~100nm):Alq 3 (~50nm):Al(~100nm). The transverse emission luminance from this device was measured using a Topcon BM-8 Luminance meter at an operating voltage of 30V. Transverse and Edge emission spectra were recorded using an Oriel 77400 spectrograph, connected to an Andor B401-UV CCD, using an Oriel 77863 liquid light guide to collect the emission.
The current-voltage behaviour was measured, using the same experimental set-up as with the unipolar devices. The IV for the hetero-structure is shown in figure 7 to the number of charge carriers flowing within that same unit area. Consequently the external quantum efficiency is given by:-
6.83
where L is the measured luminance, J is the current density, e is the electronic charge, h is Planck's constant, c is the speed of light in vacuum E F (λ) is the fluorescence quantum distribution (as a function of wavelength, λ), normalised to φ F = 0.25, and V R (λ) is the CIE standard response of the human eye (see figure 7 (b) ), as a function of λ.
Using equation 4, the external quantum efficiency was calculated to be 0.096±0.007%, from the values of the luminance, current density and overlap integral between the electro-luminescence and the CIE curve measured at an applied bias of 30V. This is a reasonable value for the device efficiency and indicates a well-balanced charge transport and injection, resulting in efficient radiative recombination.
There is no evidence of lasing or ASE in the emission from this device. The small currents obtained, along with the relatively low values for the luminance, are several orders of magnitude too low to exceed laser threshold conditions in the presence of the large optical losses, which are most likely present in a device of these dimensions. However, this work is the first attempt to optimise a waveguiding OLED structure, using optical design simulations. To illustrate the power of the BPM modeling approach, a simulation using the estimated layer thickness for each electrode =100nm for the PEDOT=50nm and for the Alq 3 =50nm and for the HT73 =100nm was carried out using the measured optical constants for each material over the wavelength range 600-700nm for the TE propagation. The field emerging from a 0.1mm propagation length divided by the initial field is plotted as function of wavelength in figure 8 (Q(λ) Sim ). This clearly shows that there is a peak in the propagation of the electric field at 630nm. This means that for this device structure, there is a predicted decrease in the propagation loss of the device at 630 nm.
In order to compare the changes to the edge emission profile due to propagation within the waveguide the quantity, Q(λ) Exp is defined as:- where EL Edge is the Edge emission Electro-luminescence and EL Transverse is the Transverse emission Electroluminescence. Q(λ) Exp is also plotted in figure 8 . It can be seen that Q(λ) Exp is approximately constant in wavelength, apart from a peak centred at 655nm. This means that there is a significant reduction in the waveguide loss in this region.
The prediction of a decrease in waveguide loss at 630nm by the simulation is quite close to the observed peak in Q(λ) Exp at 655nm. This suggests that the simulation, using the optical constants from chapter 4 and the estimated device dimensions, is an accurate representation of the propagation of light within the double hetero-structure waveguide. The most likely source of error in the prediction of the peak in Q(λ) Exp is the inevitable inaccuracy in determining the layer thickness from profilometry (~±10nm).
CONCLUSION
In this work we have presented the full characterisation of a new polymer, HT73, so that a design process could be initiated to create an optimised waveguiding double hetero-structure organic device. The optical constants of HT73 and appropriate cladding materials have been measured so that waveguide simulations could be carried out using the BPM system. These simulations have been successful in modeling the experimental behaviour of devices made from organic materials. The drawback to the approach of fabricating organic waveguiding hetero-structures is that light emitting devices can only be prepared in a lossy waveguide configuration. This is due to the low values for the carrier mobility, which are typical for conjugated polymers. While some progress has been made in using ladder type polymers to increase the carrier mobility 22 , further improvements in the carrier mobility are required in order to make this approach feasible for the development of a polymer laser.
